We have developed methods to functionalize polystyrene (PS) substrates with hydroxyapatite (HAp) via protein adsorption layers in simulated body fluid (SBF), a solution with similar inorganic ion concentrations to those of human plasma. In this study, three-dimensional (3D) porous HAp cell scaffolds were prepared by using PS substrates as a template. Human serum albumin was adsorbed on the 3D porous PS. Then substrates were pretreated with alternate soaking process using solutions containing calcium ions and phosphate ions followed by incubation with SBF. By optimizing the treatment conditions, 3D porous substrates were completely coated with bone-like HAp maintaining porous structures. Human mesenchymal stem cells proliferated and migrated into inside of the HAp-coated scaffolds and secreted abundant fibrous extracellular matrix. This method can provide porous HAp substrates with the specific functions such as biodegradability or excellent strength to weight ratio by changing polymers used as templates.
Three-dimensional (3D) scaffolds are promising materials in the fields of tissue engineering, drug discovery and toxicological evaluations. For example, 3D tissue models of skin, 1) liver, 2) cartilages, 3) and bones 4) were prepared using porous scaffolds made of organic, inorganic and their composite materials. Porous scaffolds provide microenvironments suitable for cells growth and functionalization by not only mechanical support but also physical and biochemical stimuli. 5) It is well known that the porosity and size of pores affect cellular functions, 5) therefore, accurate control of porosity and size of pores is important.
Hydroxyapatite [HAp, Ca 10 (PO 4 ) 6 (OH) 2 ], a major inorganic component of bones, has been used as scaffolds mimicking environments of bones and bone marrow. 6) Porous HAp substrates have been prepared by foam-gel technique, 7) polymer infiltration, 8) freeze casting, 9) and hydrothermal treatment. 10) However, it is quite difficult to form them in the designed shapes and their porosity is limited because of brittleness of HAp. One possible solution for these problems is mixing HAp with molding materials.
11) The other is surface modification of moldable basal template materials having precise structures with HAp.
Simulated body fluids (SBFs), a solution with similar inorganic ion concentrations to those of human plasma have been used to biomimetic deposition of HAp on material surfaces. 12), 13) We have developed methods to functionalize polystyrene (PS) substrates with HAp via protein adsorption layers in SBF.
14)18) Introduction of adsorption layers of proteins such as human serum albumin (HSA) and pretreatment with alternate soaking process (ASP) using solutions containing calcium ions and phosphate ions resulted in complete coating of PS substrates with HAp in SBF. HAp obtained in SBFs is a bone-like apatite with small crystallites and a defective structure 19) and shows high biological affinity. 20) We have demonstrated that HAp-coated PS cell culture plates promoted differentiation of mesenchymal stem cells (MSCs) to osteoblast comparing to tissue culture-treated PS (TCPS) and sintered HAp discs. 17) PS can be formed various shapes using electrospinning, 21) , 22) and water-in-oil high internal phase emulsions. 23) Recently, CAD-based design and 3D printing can be applicate to PS. 24) In this study, 3D porous HAp cell scaffolds were prepared by using PS substrates as a template. Porous PS discs (Alvetex μ Scaffold 12 well insert, REPROCELL Inc.) with pore size of 3640¯m, >90% porosity, and 200¯m thickness were used [Figs. 1(a) and 1(b)]. These scaffolds have been widely used as a three-dimensional cell culture scaffold that enables migration of various types of cells therein.
25) The discs pretreated with 70% ethanol (vol./vol.) for hydrophilization were immersed in 250 g/ml HSA solution in PBS for 3 h in order to form adsorption layers of HSA on PS. The discs were then pretreated with ASP twice to generate precursor of HAp. 17) In detail, the HSA-adsorbed discs were incubated with 100 mM CaCl 2 solution in 50% ethanol (vol./vol.) for 30 min followed by washing with 50% ethanol twice. Next these discs were incubated with 100 mM K 2 HPO 4 solution in 50% ethanol (vol./vol.) for 30 min and washed with 50% ethanol twice. Finally, the discs were incubated with SBF (Na + 142. Scanning electron microscopy (SEM, JSM-7001F, JEOL Ltd.) observation of the resultant substrates indicated that the surface of basal PS substrates was completely coated with deposits having plate-like structures [ Fig. 1(d) ] and their pore structures were maintained [ Fig. 1(c) ]. In contrast, over-pretreatment with ASP and longer incubation with SBF resulted in filling pore up with the deposits (data not shown). On the 2D flat substrate, calcium phosphate (including HAp) precursors formed by ASP epitaxially grew until contact with neighboring crystals, which resulted in formation of uniform layers of HAp. 17) In contrast, epitaxial growth was hardly suppressed on porous substrates with positive curvature. Therefore, optimization of treatment conditions (e.g. number of ASP and time for incubation with SBF) was needed to maintain the pore structure. Cross-sectional SEM observation indicated that not only the surface but also the inner part of the substrates was coated with the deposits (data not shown). The results of examination using an energy dispersive X-ray spectrometer (EDX, Kevex Sigma, Noran Instruments Inc.) revealed that the deposits contained Ca, P, and O and small amounts of Na and Mg (Fig. 2) . The Ca/P and (Ca + Na + Mg)/P elemental ratios of the deposits (1.63 and 1.69, respectively) indicated that deposits were ion-substituted biological apatite. 12) In the FT-IR spectra obtained by a single reflection attenuation total-reflection (ATR) method using a Thermo Fisher Scientific Nicolet 380 combining a Quest ATR modulus (Specac Ltd.), the narrow band with a high frequency shoulder in the¯3(PO 4 3¹ ) peak (*, 1,2001000 cm
¹1
) and two distinct peaks of the¯4(PO 4 3¹ ) (#, 650550 cm ¹1 ) were detected in addition to peaks from PS (Fig. 3) . The shapes of the peaks indicated that these deposits were low crystalline HAp. 27 ),28) Since we have identified the deposits obtained on 2D PS after incubation with SBF as HAp by using X-ray diffraction, 17) the present deposits coated on the porous PS substrates should be HAp.
Then, human bone marrow-derived MSCs, UE7T-13 cells 29) (Japanese Collection of Research Bioresources Cell Bank, National Institute of Biomedical Innovation) were cultured in porous PS scaffolds coated with HAp. The HAp-coated porous PS inserts with sterilization by UV irradiation (254 nm, 9 W, 2 h) were set on 12 well cell culture plates. 1 © 10 5 cells dispersed in 500¯l standard Dulbecco's modified Eagle's medium supplemented with 10% (vol./vol.) fetal bovine serum (MP Biomedicals, LLC.) were added over the surface of the inserts and cultured at 37°C for 10 days. SEM observation after fixation and dehydration (The scaffolds were transferred sequen- Fig. 4(b) ]. The detailed analysis of MSCs on HAp-coated porous scaffold is ongoing.
In conclusion, it was demonstrated that porous HAp scaffolds were prepared by functionalization of porous PS templates with bone-like HAp using biomimetic process. Porous structures were maintained after HAp coating and MSCs integrated inside the scaffolds. Secretion of abundant fibrous ECM on HAp-coated scaffolds indicated improvement of cellular functions of MSCs in the porous HAp scaffolds. The present scaffolds are a promising material for culture and differentiation induction of MSCs in vitro. We have also developed the method to coat other polymers than PS with HAp using polymer-binding peptide derivatives under biomimetic conditions. 30) By changing polymers used as templates, porous HAp substrates with specific functions such as biodegradable or high strength to weight ratio could be fabricated. 
